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Abstract 
We present a physically-based multi-energy domain coupled model that allows for the predictive simulation of the dynamic 
response of electrostatically controlled and viscously damped RF-MEMS switches. The coupling effects occurring during 
dynamic operation, namely increased damping due to the decreasing gap height and electrostatic spring softening are correctly 
implemented in the model and, therefore, accurately reproduced. The model is able to account for varying ambient pressure 
conditions and shows good agreement with measurements ranging from 960hPa down to approx. 200hPa.  
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1. Introduction 
This paper investigates the computer-aided design (CAD) of electrostatically controlled radio frequency 
microelectromechanical (RF-MEMS) switches. Due to their nature, the design of such devices involves multiple 
physical domains, i.e. the electrical (actuation), the mechanical (moveable elements) and the fluidic domain (gas film 
damping). Consequently, models that describe the dynamic behavior of RF-MEMS switches are rather complex. We 
have developed [1] and are continuously extending a physically-based system-level model that aims at enabling the 
predictive and computationally efficient simulation of the dynamic response of RF-MEMS switches. In this work, 
the accuracy of the model at varying ambient pressure conditions is investigated, so that we can asses the validity of 
the employed fluidic model and, more specifically, the correction factors accounting for rarefied gas effects. 
The RF-MEMS switch analyzed in this work is fabricated by the Bruno Kessler Foundation (FBK), Italy. The 
geometry of the device is depicted by the measured 3D profile in Fig. 1. The switch consists of a movable gold 
membrane suspended above a fixed ground electrode through four straight beams. The membrane on the scale of 
140μm x 260μm x 5μm is perforated with square holes having a side length of 20μm. The fixed ground electrode 
acts as actuation electrode (average gap ~3μm). By applying a voltage to the structure, the suspended membrane can 
be vertically deflected towards the ground electrode. As the voltage is increased, pull-in occurs (~32V) and the 
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 membrane snaps towards elevated contact surfaces (cp. Figs. 2 and 5). In this way, an ohmic contact is established 
between input and output and RF signals are able to propagate with low-losses through the switch. 
  
Fig. 1. Measured 3D profile of the not displaced switch. The 
measurement was performed using white light interferometry. 
Fig. 2. Measured 3D profile of the electrodes and the elevated contact 
surfaces. The membrane was removed for the measurement. 
2. Modeling 
We derive the system-level model of the switch on the basis of the hierarchical modeling approach as reported in 
[2]. A Generalized Kirchhoffian network is used for the coupling of different energy domains. A reduced-order 
mechanical model is obtained using the modal superposition technique. The respective mechanical eigenfrequencies 
and eigenmode shapes are extracted from a finite element model of the device. In order to couple the electrostatic 
forces to the modal equations of motions, we calculate the Lagrangian energy functional in terms of the modal 
amplitude [1]. For modeling the viscous damping forces acting on the moving membrane, the mixed-level approach 
as described in [3] is applied. The resulting fluidic model is based on the non-linear compressible Reynolds equation: 
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Here, ρ denotes the density, η the viscosity of air and h the local gap width. By a flux-conserving spatial 
discretization of the Reynolds equation we obtain a fluidic finite network governed by the pressure differences 
between nodes and the mass flow rates along edges as conjugate variables. The spatially varying gap width (cp. Fig. 
2) is directly implemented in the model by assigning a local gap to each of the nodes. The pressure drops at 
perforation holes and at the outer boundary are accounted for by physically-based fluidic resistances (cp. Fig. 3) [4]. 
The perforations of the switch are rather large, so that the overall damping is mainly a function of the resistances 
that result from the discretization of the Reynolds equation RR and those at the boundary RB:  
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Fig. 3. Perforated plate and an illustration of the resulting finite 
network supplemented by resistances. 
Fig. 4.  Plot of ΨR and ΨB for ambient pressure levels of 50hPa to 
1000hPa. 
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Here rik denotes the spatial distance between two neighbouring nodes i and k of the fluidic network, bik the width 
of the equivalent flow channel, hik the average gap width, hi  the local gap width of the boundary node i, li the length 
of discretized outer boundary assigned to node i and D=π 0.5/(2Kn) the parameter of rarefaction. The correction 
factors ΨB and ΨR account for the phenomenon of rarefaction [4,5], i.e. they reduce the fluidic resistances 
accordingly with decreasing ambient pressure. ΨB and ΨR are formulated in terms of the Knudsen number             
Kn = λ/L, where λ is the mean free path and L the characteristic length of the flow. Figure 4 shows a plot of ΨR and 
ΨB in the pressure range of interest of this paper, 50hPa to 1000hPa (1hPa = 100Pa = 1mbar). The correction factors 
increase only slightly above 200hPa, where the switch is operating in the slip flow regime (0.01<Kn<0.1), but 
rapidly below 200hPa, when the switch enters the transitional flow regime (0.1< Kn <10).  
3. Results 
The electromechanical model of the switch is validated by measuring and simulating the static displacement at 
different bias voltages. The measurements were carried out using a white light interferometer (WLI) WYKO 
NT1100 DMEMS. The simulated displacement agrees excellently with the measured one (cp. Fig. 5). A first 
validation of the fully mechanical-electrostatic-fluidic coupled model was performed by measuring and simulating 
the responses to two subsequent voltage steps (0V→25V and 25V→0V at 500Hz) at an ambient pressure of 600hPa. 
We used a pressure chamber with electronic pressure control and the WLI to carry out this measurement. The 
simulated responses agree, once again, excellently with the measured data (cp. Fig. 6). 
 
 
 
 
 
 
 
 
 
 
 
                                    
Fig. 5. Measured and simulated displacement of the membrane as 
caused by swept bias voltage. 
Fig. 6.  Measured and simulated transient response of the membrane to a 
square wave actuation voltage at an ambient pressure of 600hPa 
In this work, we use the rate of decay δ for investigating and quantifying the viscous damping over the varying 
ambient pressure. The rate of decay δ can be extracted from the envelope t  of a damped oscillation, 
where z0 is the amplitude. The reason for using this measure is that it is not related to the frequency of the damped 
oscillator ωd. This is an advantage because the RF switch changes its resonance frequency ωd whilst actuation due to 
the electrostatic spring softening effect, so that a comparison by other measures is difficult.  
eztz δ−⋅= 0)(
We extract δ from simulation and measurement by using two different excitations. On one hand, we excite with 
two subsequent voltage steps (cp. Fig 6), so that the device is not yet in the pull-in state, but responses with two 
damped oscillations. Because the gap is decreased whilst actuation by ~11%, the viscous damping of the two 
oscillations is different, so that δon needs to be calculated for the actuated state and δoff for the state after the bias has 
been turned off.  On the other hand, a frequency sweep of the switch to a harmonic electrostatic excitation is 
performed. The δ sweep can be calculated from this analysis by extracting the peak frequency ωpeak, and the quality 
factor Q. We expect δsweep to be near δoff, but to a small extend higher. This is because the electrostatic force is a 
square function of the applied voltage so that a sinusoidal bias is converted into an oscillation with twice the 
frequency plus a DC voltage offset that slightly decreases the gap width and thereby increases the damping. 
We measured three specimen of the design shown in Fig. 1. The plot of the measured rates of decay δon,M , δoff,M  
and δ sweep,M, (see Fig. 7) shows that δon,M is, as expected, higher than δoff,M and that δ sweep,M is at the same level as 
δoff,M. Moreover, the plot shows that the damping decreases slightly above 200hPa, but very rapidly below 200hPa.  
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 Figure 8 shows a comparison of the measured and simulated rates of decay. In order to enhance the informative 
value of the graph, the results for δoff and δsweep were averaged for both simulation and measurement to δavg_off_sweep. 
Furthermore, measurements at one pressure level were averaged. As can be inferred from the graph, simulation and 
measurements agree well for pressures higher than 200hPa. At lower pressures, the measured rates of decay drop 
faster than the simulated ones, i.e. the model tends to overestimate damping at these pressures.  
Up to the moment of this publication, the reason for this overestimation could not be satisfyingly identified. 
Moreover, no publication could be identified that was concerned with the systematic experimental validation of the 
correction factors given in [4] and [5] or other corrections available in literature for complex structures like the 
switch in this paper, i.e. structures with perforation holes and varying gap width.  
 
 
 
 
 
 
 
 
 
 
 
               
Fig. 7. Measured decay constants δon,M , δoff,M  and δ sweep,M for the 
ambient pressure levels of 50hPa to 950hPa. 
Fig. 8. Comparison of results from simulation and measurement. δoff and 
δsweep were averaged to δavg_off_sweep. Also rates of decay measured for the 
same defined pressure level were averaged. 
4. Conclusion 
The validity of a system-level model of an electrostatically controlled and viscously damped RF-MEMS switch is 
investigated for different defined ambient pressures. The modeling and simulation of the perforated switch with the 
varying gap width at the system-level is a challenge, but our approach allows for it in a physically-based, 
transparent, consistent and predictive way. Good agreement with the experimental data is shown down to pressure 
levels of approx. 200hPa. This demonstrates the power and predictiveness of our hierarchical approach [2] and, 
more specifically, of the mixed-level approach [3] w.r.t. experiments.  
At lower pressure levels, an increasing deviation between measurements and theoretically predicted data is 
observed. At our current state of knowledge, it is not possible to give well-founded physical explanations for these 
deviations. Instead, we see a strong need for extensive experimental studies, i.e. pressure-dependent measurements 
of different device designs, and especially dedicated test structures, so that a reliable experimental basis for the 
evaluation of fluidic models and factors accounting for rarefaction can be generated. This will be one subject of our 
future work. 
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